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ABSTRACT

This research is centered on the analysis of adhesion properties of porous
materials and fibers of elliptical shapes. Composites are a unique class of materials
having properties, which could not be achieved by either of the constituent materials
alone. Composites with porous filler are put into service in buildings, roads, bridges, etc.
Fiber-reinforced composites are actively involved in flight vehicles, automobiles, boats,
and dozens of other products.
In the first part of this study we developed a procedure for evaluation of adhesion
of liquids to porous solids, where water, hexadecane and asphalt binder and different
rocks were studied to illustrate the methodology. An experimental protocol to evaluate
the work of adhesion, a characteristic thermodynamic parameter of the liquid/porous
solid pair, was discussed and a mathematical model describing the kinetics of liquid
penetration into inhomogeneous porous material was developed and used for
interpretation of the experiments.
The second part is devoted to the analysis of interactions of liquids with circular
and elliptical wires. The behavior of menisci embracing the fiber in the capillary rise
experiment was investigated. In particular, we study the profiles of the contact line
around cylinders, contact angle, and the work of adhesion of a set of different liquids.
Compared to the circular wires, elliptical wires produced taller menisci, hence the wetted
area increases. It is expected that the kinetics of resin impregnation into a preforms made
of elliptical fibers will significantly change.
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CHAPTER ONE

ADHESION OF LIQUIDS TO POROUS SOLIDS

ABSTRACT: The objective of this research is to develop a methodology to study
adhesion of liquids to porous solids. Surface area of porous materials significantly
increases compared to their solid analogs. Hence, pores play important role in adhesion
of resins and binders to solids. We developed an experimental protocol allowing one to
evaluate the work of adhesion, a characteristic thermodynamic parameter of the
liquid/porous solid pair. It is shown that for the determination of the work of adhesion,
one needs to know the pore size distribution, the wicking constant of the wetting liquid,
and surface tension of the liquid. Asphalt binders and different rocks were studied to
illustrate the methodology.

1.1 Introduction
Work of adhesion characterizes the strength of a joint of two dissimilar materials.
Different combinations of polymers, metals, and ceramics were studied in the past [1-9].
In the synthesis of the porous composites it is admitted that voids, pores, and surface
cavities should have some influence on the adhesion of liquid to porous solid [3, 10-13].
However, a quantitative analysis of pores is lacking.
A very popular method to determine the adhesion properties of composites is the
bond strength test [3, 10, 11, 14-16]. This method evaluates the tensile force needed to

detach a pullout stub adhered to the filler with a binder [3, 5]. This test can also be used
to evaluate the binder-filler compatibility.
The aim of this chapter is to evaluate the role of pores in the adhesion as a binder
penetrates into the surface voids of solids. To the best of our knowledge, the effect of
pores on binder-to-solid adhesion has never been investigated before with a rigorous
materials science approach.

1.2 Theory

It is common to model a porous material as a solid matrix with an array of parallel
cylindrical pores running throughout the sample. The effect of the finiteness of the
droplet volume during penetration into a capillary tube [17] and the so-called radial
capillary [18] was first studied by Marmur’s group. Two limiting cases were
distinguished for the liquid droplet sitting on the porous surface: one assumes that during
infiltration process the contact angle of the droplet stays constant and the other assumes
that while liquid penetrates, the contact line remains pinned. However, Marmur
considered the penetration of the droplet into a single capillary that cannot describe the
infiltration process into a highly porous material. The works of Denesuk et al. [19, 20]
consider penetration of the finite size droplet into a porous material of a specific
structure. Namely, these authors deal with perforated membranes where cylindrical pores
distributed uniformly over the material. The pore radius was assumed constant. One of
the limiting cases considered in Ref [19] assumes contact angle hysteresis throughout the
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penetration process, while contact line stays pinned. Bacri & Brochard-Wyart [21] also
studied capillary absorption of the droplet by a porous material. They called the regime
“locked”, when a dynamic contact angle decreases with time but the drop stays pinned. In
order to examine the applicability of the Bacri-Brochard-Wyart condition of the
nonmoving contact line to a more practical case of a binder-rock pair, we conducted a
series of similar experiments. Using KRUSS DSA-10, we deposited a drop of water onto
the surface of a rock (see Materials & Methods for details). Figure 1.1 shows a series of
pictures proving that the contact line stays pinned while the drop sinks down and wicks
into the pores of rock. Thus, the Bacri- Brochard-Wyart scenario is applicable for a real
civil engineering material.

Figure 1.1. Sequence of the pictures of DI water droplet on the stone sample. The scale
bar is 1.0 mm.

In experiment with water droplets we were able to analyze the kinetics of drop
disappearance. Since the volume of as-deposited droplet was known, V0 , one can monitor
the change of the droplet volume with time, V  t  . Therefore, the volume of the droplet
infiltrated into the rock, V0  V  t  , can be evaluated at any moment of time t . Figure 1.2
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shows this volume as a function of time. Each point is an average over 5 experiments. It
appears that the volume change is proportional to the square root of time at the late stage
of capillary absorption. This square root of time kinetics, known as the Lucas-Washburn
kinetics, is characteristic for the kinetics of spontaneous capillary absorption [22, 23].
This kinetics becomes apparent if one considers the dynamics of meniscus movement
through a cylindrical pore of radius R . From the mass balance equation with the
Poiseuille flow, one obtains [22]
dL R   l  cos 1

dt
2 L

(1.1)

where L is the depth of penetration of the liquid into a single pore at time t ,  l is the
surface tension of the liquid, 1 is the equilibrium contact angle,  is the dynamic
viscosity of the liquid, and R is the radius of the pore.

Figure 1.2. Average volume of DI-water in pores vs time.
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With the Lucas-Washburn analogy in mind, the pores of the material are modeled
as an array of the straight non-connected parallel circular cylinders passing through the
sample (Figure 1.3). The pores are allowed to have different radii. The depth of
penetration from pore to pore will change differently with time. We introduce the
distribution function of pore radius g  R  , where g  R  dR is a probability to find a pore
with the given radius R within the pore range dR . This model allows us to consider the
work of adhesion needed to separate the binder (liquid) from the pore wall [1]:
Wsl    l 1  cos l  A1p  g  R dR

(1.2)

where  l is the surface tension of the liquid, 1 is the equilibrium contact angle of the
liquid with the surface of the sample, and A1p is the surface area of a single cylindrical
pore of radius R .

Figure 1.3. Schematic of the drop behavior on the porous substrate, where L  t  is a
depth of penetration at time t , R is pore radius individual for each pore.
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As shown by the X-ray phase contrast imaging technique [24, 25], at the initial
stages (up to 0.001s) of meniscus formation the length of liquid column is proportional to
the radius of the capillary. Hence, assuming the initial length of the liquid column L0  R
at time t  0 and solving eq. (1.1) with regard to L , the depth of penetration in a single
pore is obtained as
L  t   L20  2Bt

(1.3)

where L0  A  R , A is a constant of proportionality,

B

R   l  cos 1

2

. We consider

constant A as an adjustable parameter and  l is also needed to be measured.
Here we assume that despite the continuous penetration of the liquid into the
pores, at each time moment t the liquid is in thermodynamical equilibrium with the solid
material forming the equilibrium contact angle 1 . The proper evaluation of 1 is the
most challenging task due to inability of its direct measurements.
Thus, the model of an array of cylindrical capillaries requires to know the
distribution function g  R  , phenomenological constant A , and contact angle 1 , provided
that the surface tension is known from an independent measurements.
In order to find these parameters, we propose to conduct a series of experiments
with different fluids and porous rocks.
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1. The distribution function

g  R

can be determined from the mercury

porosimetry experiments [26]. We will discuss the details later. From these experiments
one can determine the total number of pores

Nt 



(1.4)



2
  R g  R  dR / Asample
0

where  is the porosity of the samples, Asample is the cross-sectional area of the sample.
2. Knowing the distribution function, one can run the wicking experiments to
obtain phenomenological constant A and contact angle 1 . Indeed, the weight change of
the sample as a function of time as the liquid penetrates into the pores can be written
through the volume of liquid in the pore at the given time moment multiplied by total
number of pores


Nt  i   R 2 g  R  A2  R 2  2Bi  R   tdR  Wi t 

(1.5)

0

where N t is a total number of pores, Wi  t  , weight change of the sample at time t during
wicking experiment. Based on eq. (1.5) and using a wetting fluid providing l  0 , one
can first determine phenomenological constant A . Then the contact angle can be
measured with a fluid of interest using the same procedure.
As a result, the following parameters which have to be defined to calculate
adhesion are:
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Equilibrium contact angle of a fluid in question,  l
o Pore size distribution, g  R 
o Constant of proportionality, A
o Weight of the sample as a function of time, W  t 



Surface area of a sample pores, Ap



Surface tension of the liquid,  b

Knowing all these parameters one can evaluate the adhesion of the given liquid to
the walls of the pores, WslW . However, surface tension of the liquid binder changes with
the temperature and this dependence is unknown. Hence, we performed an additional
series of experiments to evaluate surface tension,  b , and equilibrium contact angle of
binder,  b . Then we analyze the work of adhesion of binder per pore, WslB , of the rocks.

1.3 Materials and methods
1.3.1 Materials
We investigated:


two types of aggregates named by the sources where they were obtained –
Anderson (AND) stone and Blacksburg (BB) stone;
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unmodified PG64-22 asphalt binder at four different temperatures of
preparation – 185°F, 215°F, 245°F, 275°F.

1.3.2 Aggregate characterization: pore size distribution and surface microscopy.
The characterization of rocks was performed using mercury injection porosimetry
(MIP) [26].
Sample preparation. SYJ-160 Low Speed Diamond Saw was used to cut the large
rocks into smooth rectangular samples (three samples of each stone). Average size of the
samples was: length  6.34  0.31mm, width  4.55  0.33 mm, height  3.98  0.36 mm. The
obtained specimens were placed in VWR Ultrasonic Cleaner Model 50HT for 5 hours to
clean samples from the dust and other pollutants that might appear due to cutting
procedure. Final step of preparation procedure was placing the cleaned specimens into
oven at 150°C for 8 hours to dry them and evaporate water from the pores.
Poremaster GT Mercury Porosimetry Analyzer was used to perform experiments.
Following the standard procedure of the experiment [26], the following parameters were
obtained: the pore size distribution, total pore volume, porosity, and specific surface area.
Using the volume pore size distribution divided by the total volume of pores, the
probability density function of the pore radius was plotted and fitted with Origin Pro 8.
Using the MIP data on porosity,  , of the samples and assumptions of the model (pores
go through the sample and have the same length as sample), one can obtain the total
number of pores in the samples as was shown by eq. (1.4).
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1.3.3 Wicking kinetics of hexadecane and water.

Knowing the characteristics of aggregates from MIP, the wicking experiment with
hexadecane can be used to evaluate constant of proportionality, A .

Wicking is a movement of a liquid into a solid without the assistance of, and in
opposition to, external forces like gravity. Since the diameter of the pore is fairly small,
then the combination of surface tension and adhesive forces between the liquid and
material act to move the liquid into pores.

In order to perform the wicking experiment, the Thermo Cahn DCA-322 Dynamic
Contact Angle Analyzer (Figure 1.4a) was used. It enabled to determine the incremental
change of the sample weight with the 1 µg accuracy. One end of the sample was attached
to the hook of the loop of the Cahn DCA-322 Analyzer using copper wire, another end
was set suspended above the free liquid surface (see Figure 1.4b). Moving up the stage
with the liquid container at the speed of 80 μm per second we brought the free end of the
solid sample in contact with the liquid surface (see Figure 1.4c) and the weight change
recorded as a function of time. Two liquids were used during experiment: liquid #1 – DI
water, liquid #2 – n-hexadecane.

10

Figure 1.4. (a) The Thermo Cahn DCA-322 Dynamic Contact Angle Analyzer. (b) Initial
position of the sample before experiment starts. (c) Position of the sample during
experiment when stone is in contact with liquid. Stone sample is connected to the balance
arm through a hook. The weight of the absorbed liquid is measured by the balance arm.
Wicking kinetics of the water was used to obtain the equilibrium contact angle of
water with the aggregate surface. Parameters of liquids are shown in Table 1.1.

Table 1.1. Properties of liquids.
DI water

n-hexadecane

Surface tension,  , N/m

0.0726

0.0275

Density,  , g/cm3

1

0.77

Viscosity,  , Pa*s

0.001002

0.003004

1.3.4 Surface tension and contact angle of binder.
In order to determine adhesion of aggregate/binder pair the surface tension of
binder,  b , and its contact angle, b , with rocks at different preparation temperatures have
to be evaluated. Since binder is highly viscous even in the liquid state, the penetration
rate in stone’s pores is negligible during the time frame of experiment and the direct
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measurements of equilibrium contact angle can be employed. For data about binder
density, please see [27]
Both, surface tension and contact angle of liquid binder were obtained using
KRUSS DSA10 instrument. First, conventional set-up was modified to provide constant
temperature of binder and aggregate surface as shown in Figure 1.5.

Figure 1.5. Modified set-up to measure surface tension and contact angle of liquid binder
at certain temperature. (Top) Schematic of the set-up; (Bottom) Actual set-up. 1 is the
heater temperature controller; 2 is the rock surface temperature controller; 3 is the binder
temperature controller (see details in the text).
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Syringe and syringe needle (outer diameter is 3 mm) with the binder were covered
by Watlow flexible heater and installed on the syringe pump (NE-1000). A polished flat
stone was placed on the Kapton Insulated Heater below the syringe needle to maintain the
temperature of the sample and binder same. Two thermocouples were attached to the
surface of flat heater, two other thermocouples – to the surface of the rock, and one
thermocouple was placed very close to the tip of the needle to control binder’s
temperature. Temperature adjustment of aggregate was performed by the Heater Power
Supplier TDK-Lambda connected to Keithley 2700 Multimeter controlling through
computer via the LabView program. The heating part of the set-up and LabView software
originally were developed as a Surface Differential Scanning Calorimeter for the analyses
of the heat transfer and thermodynamic properties of thin porous materials [28].
Employing the syringe pump to extrude the binder droplet at 0.25 ml/h pumping rate and
recording a video, the surface tension of liquid binder was measured using the pendant
drop method. Finally, the droplets of liquid binder were placed on the heated stone
surface and contact angle was obtained using the sessile drop method. Temperatures used
in experiments were 185°F, 215°F, 245°F, 275°F. All calculations were made by KRUSS
DSA software.
Additionally, the validity of surface tension measurements was checked in the
surface tension experiments on Cahn DCA-322 Analyzer. As seen in Figure 1.6 the vial
with the binder was covered by the Watlow flexible heater to provide necessary
temperature and placed into the instrument cell. Tungsten wire with 0.125 mm diameter
was suspended above binder surface. Tungsten was chosen as a material due to the fact

13

that its contact angle with any liquid is zero as it has a high surface energy. Wire was
advanced 4 mm into the binder and receded 4 mm back to determine the position of
binder surface. After this step, the surface tension was measured by WinDCA software.
Experiment was run 3 times at each temperature.

Figure 1.6. The Thermo Cahn DCA-322 Dynamic Contact Angle Analyzer. Initial
position of the sample.

1.4 Results and discussion
1.4.1 Pore size characterization.
In order to calculate water contact angle with aggregate’s surface the
characterization of rocks was performed using MIP. This experiment showed us that the
probability density function of pore radius can be fitted by normal Gaussian distribution:

g  R 

1
2 R 2

   R   R 2 
exp 

 2 R 2




(1.6)

where  R is the mean of the distribution and  R is the standard deviation.
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It allowed us to determine  R and  R as shown in Figure 1.7. Porosity  of the
samples also obtained from MIP experiments was used to calculate the total number of
pores in the samples as shown in eq. (1.4). All characterization parameters are included in
Table 1.2.

Figure 1.7. Experimental (MIP) and fitting curves of pore size distribution for Anderson
(left) and Blacksburg (right) stones.

It can be seen from Figure 1.7 that the pore size distribution of both aggregates
follows the normal distribution and Table 1.2 confirms that the Anderson stone appeared
to be more porous material than the Blacksburg one.

Table 1.2. Summary of MIP results.
Stone

ε, %

Ap , m2

μR, μm

σR, μm

Nt

Anderson

1.86  0.41

0.0043  0.0004

6.213

1.354

6364  2114

Blacksburg

1.38  0.33

0.0034  0.0005

6.154

1.178

5989  2041
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1.4.2 Wicking kinetics of hexadecane and water.
Based on eq. (1.5), the wicking experiment with hexadecane allows us to extract
constant of proportionality, A , as a fitting parameter since hexadecane has zero contact
angle with the rock surface, cos l  1 . The fit of experimental curve with eq. (1.5) is
shown in Figure 1.8 and fitting parameter, A , is shown in Table 1.3.

Figure 1.8. Wicking experiment with hexadecane for Anderson (left) and Blacksburg
(right) stones.

Now, knowing constant A , wicking experiment with DI water allows to obtain
the equilibrium contact angle of DI water, 1 .
The same procedure as in the case of hexadecane was applied but using water
contact angle as a fitting parameter. Fitting programs for both types of experiment (with
hexadecane and water) were written in MATLAB R2010a. The results of fitting can be
seen in Figure 1.9 and the average contact angle and its standard deviation (SD) are
presented in Table 1.3. It can be seen that SDs are within 10%, which means these results
are valid.
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Figure 1.9. Wicking experiment with DI-water for Anderson (left) and Blacksburg
(right) stones.

Table 1.3. Summary of fitting results (fitting constant, contact angle).
Stone

A2

cos 

 ,0

Anderson

187542  1053

0.74  0.04

42.5  3.4

Blacksburg

199861  1307

0.83  0.05

33.8  4.1

Additionally, comparison of Figures 1.8 and 1.9 shows about 4 times difference in
the observed kinetics at given time moment. That can be explained by looking at volume
of liquid lifted by external meniscus and depth of penetration of liquid which is described
by considered model. Details are shown in Appendix 1.
1.4.3 Analysis of the contact angle of binder as a function of temperature.
In order to study adhesion of asphalt mixture, the contact angle and surface
tension of liquid binder were tested. These parameters and their SDs at the preparation
temperature, T , are shown in Table 1.4 and plotted on Figure 1.10.
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Figure 1.10. Surface tension (left) and contact angle (right) between liquid binder
and samples at different temperatures.

It can be seen that binder becomes more mobile as temperature increases. The
surface tension of binder was found to be linear function of the temperature which is in
agreement with the literature [29, 30] and Cahn DCA-322 measurements. Also, attraction
between rock and binder becomes stronger with higher temperature because equilibrium
contact angle, b , has smaller values at greater T .

Table 1.4. Surface tension and contact angle between liquid binder and samples at
different temperatures.
T, 0F

185

215

245

275

 l , mN/m

40.9  1.2

37.6  1.3

34.2  1.4

31.1  1.1

1AND ,

0

44.6  5.7

35.8  5.9

16.2  5.1

0

1BB ,

0

58.7  6.1

28.5  3.3

14.9  5.2

0
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It is important to understand why contact angle depends on temperature. We write
the Young equation as
 l cos1   dry   wet  

(1.7)

where  dry ,  wet are the surface energies of a dry and wet stone, respectively. The
difference of these parameters,  , is not known initially. However, if we assume that
the right hand side of the eq. (1.7) stays constant and does not change with temperature,
cosine of the contact angle is inverse proportional to the surface tension of the liquid
binder as can be seen from eq. (1.8).

cos 1 



(1.8)

l

First of all, the surface tension difference,  , has to be defined. To do so, we
determined the critical temperature, Tcr , when equilibrium contact angle becomes zero (

cos l  1 ) using fit of experimental data. Last experimental point is not reliable and was
excluded from fitting since transition to zero contact angle can happen at any temperature
between 2450F and 2750F as can be seen in Figure 1.10 (right). It appears that for the
Anderson stone TcrAND  266.4 o F

and for the Blacksburg stone TcrBB  246.2 o F .

Knowledge of these temperatures allows us to determine respective surface tension,
which is  crAND  32 mN

m

for the Anderson sample and  crBB  34.5 mN

m

for the

Blacksburg sample. As a result, solving eq. (1.8) for  when cos l  1 , we found that
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 AND   crAND  32 mN

m

and  BB   crBB  34.5 mN

m

. If this difference does not

depend on the temperature and stays constant we should be able to fit experimental points
for the contact angle with Young equation choosing respective surface tension  l to
calculate cos l . As one can see in Figure 1.10 (right) it has a good fit within standard
deviation for both types of samples. It confirms that  stays constant as temperature
changes and observed temperature dependence of the equilibrium contact angle is due to
the change of the binder surface tension with temperature.

1.4.4 Work of adhesion.
It is known that the quality and durability of asphalt mixture is affected by
adhesion between aggregate and binder. The thermodynamic change in the adhesion is
associated with the break of the interface between binder and stone [25]. Therefore it is
very important to investigate the work of adhesion once contact angle and surface free
energy of binder and water is known.
Consider a new preparation technique, (foaming technique), which includes not
only mixture of aggregate with binder at certain temperature but also injection of water
during preparation of a binder. It should make binder less viscous at lower temperature
and, respectively, will help to mix a binder with aggregate. Adhesion of pores plays most
important role in this process because surface area of pores is greater than surface area of
stone itself and binder will adhere not only to the surface of the rocks but to the walls of
the pores as well. The main goal of the foaming technique is to reduce preparation
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temperature and, as a result, cost of manufacture. Hence, to check the efficiency of this
technique, adhesion of aggregate/binder pair and aggregate/water pair with respect to the
surface area of a single pore should be determined.
The work of adhesion between water and stone, and binder and stone can be
written as follows:
Water/stone pair:
WslW   l 1  cos1   A1p

(1.9)

Binder/stone pair:
WslB   b 1  cosb   A1p

(1.10)

where  l and  b , surface tension of the water and binder, respectively, 1 and b ,
equilibrium contact angles of the water and binder, respectively, with the surface of the
sample, and A1p , surface area of a single pore.
In the foaming preparation technique the high value of water/stone pair adhesion
would be unfavorable. If some amount of water condenses inside the mixture, adhesion
of binder to the aggregate will be reduced causing damage and drop in durability. Thus,
the greater the work of adhesion of water/stone pair, the lower performance of asphalt is.
The greater the work of adhesion of asphalt mixture, the stronger the ability of resisting
damage is. The work of adhesion under different conditions is shown in Tables 1.5-1.6.
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Table 1.5. Work of adhesion between water and samples, WslW .
WslW ( AND), 109 N  m

WslW ( BB), 109 N  m

85.7

75.8

Table 1.6. Work of adhesion between liquid binder and samples, WslB , at the
preparation temperatures.
T, 0F

185

215

245

275

WslB ( AND), 109 N  m

42.1

45.3

46

47.5

WslB ( BB), 109 N  m

40

41.5

44.4

47.8

From Table 1.5 it is observed that, in spite of the fact that the contact angle of
water is greater with the Anderson samples, the work of adhesion of the Anderson rocks
with water is greater than that of the Blacksburg/water pair. Most likely it relates to the
size of the pores and porosity – both of these parameters are smaller for the Blacksburg
samples. As a result, adhesion of water to this aggregate is smaller. This also indicates
that the Anderson stone will be a less preferable choice in foaming technique due to a
greater adhesion with water.
Table 1.6 shows that the Anderson stone has a greater adhesion with binder as
well. However, this difference is insignificant and both aggregates may be considered as
having the same binder/stone adhesion. Thus, in this example the choice of the rocks for
the asphalt prepared by conventional technique does not depend on the adhesion of liquid
binder with fillers and should depend on some other parameters like a price. However, in
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the general situation such a parameter as the work of adhesion should be taken in the first
place providing knowledge about compatibility of the materials.

1.5 Conclusion
We developed a technique for evaluation of adhesion properties of porous solids.
This method allows us to calculate the work of adhesion of a given liquid to the porous
material. A mathematical model describing the kinetics of liquid penetration into
inhomogeneous porous material was developed and used for interpretation of the
experiments. Pore size distribution function was introduced and non-zero initial height of
the liquid column in the pores was taken into account in the Lucas-Washburn equation.
All of it allows to characterize the material and determine adhesion between liquids and
porous solids using the developed experimental protocol:


porous material was characterized and pore size distribution and surface area
of pores were determined using mercury injection porosimetry;



wicking kinetics experiments can be interpreted using a generalized LucasWashburn model. Equilibrium contact angle of the liquid contacting pore
walls was determined;



all necessary parameters (surface tension, equilibrium contact angle, pore
surface area) are defined and work of adhesion per pore is calculated;



role of the pores in adhesion of liquids to porous solids can be analyzed.
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The work of adhesion for two asphalt samples was calculated as a function of
temperature for two preparation techniques of asphalt. All samples were characterized
and their surface morphology was studied. Newly developed test procedure and modified
sessile drop technique were applied to determine surface tension and contact angle of
liquid binder with fillers. The contact angle of water was obtained using wicking kinetics
of hexadecane and water in combination with MIP experimental results.
It was found that the adhesion of aggregate/binder pair decreases with
temperature in a case of the both stones, the Anderson and Blacksburg, and it is almost
the same for both aggregates. It leads to the conclusion that in this particular example the
cheapest choice of the filler would be more preferable because both of them will provide
the same durability of the asphalt pavement. Additionally, it was shown that the work of
adhesion of the Anderson stone to water is higher than that of the Blacksburg stone. This
means that the Anderson stone should not be the main choice for the foaming technique
due to the fact that it is more likely to have some amount of water remaining inside the
asphalt mixture after preparation leading to decrease of adhesion between the binder and
rock.
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Appendix 1
Analysis of the weight gain caused by the external meniscus
An analysis of the wicking experiments, Figures 1.8 and 1.9, reveals that the
specimens with water have significantly greater change of weight relative to those with
hexadecane. At the same time moment the sample filled with water has about 4 times
greater weight than that filled with hexadecane.
In order to understand the observed difference, we estimated the volume of liquid
lifted by the external meniscus embracing the sample. Since the shape of the samples is a
rectangular prism, we model the meniscus as being composed of four menisci formed at a
flat vertical sides of the prism (Figure A.1.1). According to Ref. [31], the maximum
elevation height of the meniscus, h , is described as

h

2 1  sin  

(A.1.1)

g

where  is a surface tension of liquid,  is an equilibrium contact angle of liquid with
the considered material,  is a density of liquid, g is an acceleration due to gravity.
Using the liquid properties from Table 1.1 and 1.3 we can estimate the maximum
elevation height of water and hexadecane. Plugging the known data into eq. (A.1.1) one
can calculate that for water hW  3.9 mm and for hexadecane hH  2.7 mm. It gives us
that hW  1.5hH .
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However, the meniscus volume is equal to the product of the meniscus profile
area times the specimen perimeter along the wetting line. Thus, we have to describe the
meniscus profile.

Figure A.1.1. Meniscus at a flat plate. Notations are self-explained.
The Young-Laplace equation for a meniscus against a flat plate [32] has to be
solved



z"

1  z ' 

2 3

  gz  0

(A.1.2)

where z  z  x  is a planar curve describing the shape of the meniscus as a function of
the horizontal coordinate x , z '  dz

dx

2
, z"  d z
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dx 2

. Multiplying equation (A.1.2) by

z ' and making substitution u  1  z '2 one can obtain the first integral of the considered
equation:



1
1  z '2

 C  g

z2
2

(A.1.3)

Applying the boundary condition far from the plate ( lim z  lim z '  0 ), the
x 

x 

integration constant is obtained as C   . Then eq. (A.3.3) can be written for z ' :

dz
z'

dx

 gz 2  4   gz 2 

(A.1.4)

2   gz 2

In calculating the profile area of the meniscus it is convenient to pass to
integration over z : S   zdx , where dx 

dx
dz . Taking into account expression (A.1.4)
dz

we find the area of the meniscus profile

 z2 z4
S z
dz 

g 4
 gz 2  4   gz 2 
0
h

2   gz 2

h

(A.1.5)
0

As a result,

 h2 h4
S

g 4

(A.1.6)

Using eq. (A.1.6) one can calculate that for water SW  7.3 mm2 and for
hexadecane SH  3.6 mm2. It tells us that SW  2SH . Finally, the meniscus volume here
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equal to V  S  P , where P is the specimen perimeter. However, the specimen perimeter
is the same for both experiments, hence, the ratio stays the same as well, VW  2VH . It
means that amount of liquid lifted by the water meniscus is two times greater compared
to that of hexadecane.
On the other hand, according to the considered model, the liquid penetration is
following the square root of time kinetics L  t 

R

 cos 
t . Since we are comparing
2

the wicking kinetics of the same samples and at the same time moment, parameters R
and t can be dropped. Thus, calculating term

 cos 
for water and hexadecane, one
2

can determine that LW  t   2LH  t  .
As a result, taking into account the estimated 2 times difference in the lifted
volume of the liquid due to external meniscus and 2 times difference in the depth of
penetration, one can see why there is a 4 times difference in the observed wicking
kinetics at the given time moment.
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CHAPTER TWO

LIQUID INTERACTION WITH CIRCULAR AND NON-CIRCULAR WIRES

2.1 Introduction
Fiber – based polymer composites constitute one of the most promising areas of
materials science. These composites are used in a wide variety of applications from
automotive to aerospace to defense [1, 2]. High-stiffness and high-strength fibers such as
ultra-high molecular weight polyethylene, glass (e.g. S2 glass), and aramid (e.g. Kevlar,
Twaron) are widely used as structural reinforcements to provide protection against blast
events and high energy menace during ballistic impact [3]. While the properties of the
constituent fibers have been well characterized in the literature on textile composites, the
behavior of the fiber-matrix interfaces is largely unknown.
When a fiber is brought in contact with a liquid, the latter creates an external
meniscus. The shape of the fiber cross-section affects the profile and height of the
meniscus, and adhesion of the liquid to the fiber. The study of the static meniscus, its
origin and shape, goes back to the beginning of 18th century when it was first reported by
Hauksbee [4], and hereinafter Maxwell [5] cited it in his “Capillary Action”. Laplace [6]
described the shape of the meniscus on the planar wall and, for that case, using an
equation later named the Laplace equation. This equation was numerically solved by
White & Tallmadge [7] for a meniscus on a fiber with circular cross-section when the

33

1

fiber radius r0 is much smaller than the capillary length a   l  g  2 , where  l is the
surface tension,  is the liquid density, and g is acceleration due to gravity. Analytical
description of the shape of the meniscus on the cylindrical fiber can be obtained with an
appropriate asymptotic matching technique. Such technique was first described by James
[8] and refined by Lo [9]. Stability of these solutions has been discussed by Pitts [10]. A
valuable impact in studies of the external meniscus on the complex shaped cylinders, its
contact line and contact angle was done by Scriven’s group [11, 12] who were one of the
first to employ computer to solve nonlinear Laplace equation using finite element
method. Also, significant contribution to study of external meniscus on capillaries was
made by Andrukh [13]. The static and dynamic effects of wetting of a single capillary
and fibers were discussed in details and experimental results were compared with the
theoretical prediction showing good correlation.
External meniscus on the round cylinders was extensively researched [14-16].
However, the case of the non-circular cylinders is not so well developed. One of the first
efforts to investigate wettability of the complex shaped fibers traces back to Orr and
Scriven [17] who calculated the shape of the meniscus around a square pin using the
finite-element method. Herb et al [18] showed the importance of the effect of crosssectional geometry in the determination of the wetting force by the Wilhelmy technique.
In the case of elliptical [19] and hexagonal [20] cross-sections, Pozrikidis, recently, used
the finite-difference numerical method to compute the shape of hydrostatic menisci. Most
recent study was done by Monaenkova et al [21, 22] where the authors derived an
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analytical solution describing the meniscus shape formed on elliptical fiber assuming that
the height is small. They showed that the meniscus height is a function of the fiber
ellipticity.
Present study is focused on the external meniscus on elliptical wires, investigation
of its contact line around the wires, its elevation height, contact angle, and adhesion for
the set of different liquids. Each of the considered parameter was determined and
compared with the case of the circular wires made of the same material.

2.2 Adhesion of liquids to elliptical fibers
We hypothesize that the adhesion of the non-circular wires to the liquid is not the
same as those of the circular wire. In the present investigation all wires are made of the
same material and with the same cross-sectional perimeter. Wires with elliptical crosssection are used as an example of non-circular cylinders.
The work of adhesion between solid and liquid is expressed as [23]
Wsl   l 1  cos l   A

(2.1)

where  l , surface tension of the liquid,  l , equilibrium contact angle of the liquid with
the surface of the sample, and A , wetted surface area of a solid material. Thus, we have
three main parameters to define:  l ,  l , A .
The surface tension and contact angle are materials properties while the wetted
surface area significantly depends on the fiber shape. In experiments on capillary rise, the
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height of the meniscus on the cylinder with the circular cross-section is different from
that on elliptical cylinder, as schematically shown in Figure 2.1. It is higher on the minor
axis and lower on the major axis. In applications to fiber finishing and coating, when the
fiber is drawn through the liquid vertically, the coating thickness significantly depends on
meniscus elevation [24].Thus, to study adhesion we should define three main steps:


determine the surface tension of the liquid;



investigate the contact angle (CA) of the liquid with the material;



determine the difference in the wetted area.

Figure 2.1. MatLab simulation of external meniscus around oval cylinder; blue line
represents boundary of the cylinder, black line is a contact line of a meniscus [Alimov &
Kornev, to be published]

2.3 Materials and methods
2.3.1 Materials.
In the present study the following materials were used:
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Stainless steel wires SUS-304 with round (diameter d  0.116mm )

and elliptical (with major 2a  0.15 mm and minor 2b  0.10 mm axes) crosssections. The given dimensions of the semi-axes were chosen to provide the
same circumference for both cross-sections.


Liquids: DI-water, n-hexadecane, and ethylene glycol.

Surface tension was measured using pendant drop method on KRUSS DSA.
Density was taken from [25]. The data are shown in Table 2.1.
Table 2.1. Surface tension,  l , density,  , and reciprocal Bond number, 1 Bo ,
of chosen liquids.
Liquid

DI water

Hexadecane

Ethylene glycol

 l , mN/m

72.6

27.5

48

 , g/cm3

1.00

0.77

1.11

1 Bo

2202

1083

1323

2.3.2 Investigation of the contact angle.
To determine the equilibrium contact angle of different liquids with the chosen
wires we conducted a series of experiments using Cahn DCA-322 Analyzer and KRUSS
DSA instrument.
Contact angles on the round wires. An analysis of the contact angles of menisci
on cylinders with a circular cross-section is a well-developed procedure [26]. Three
methods were used to obtain this parameter.
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(a) Directly measured CA. In the case of cylindrical samples we performed the
measurements using Cahn DCA-322 Analyzer. As shown in Figure 2.2, the wire was
suspended above the liquid surface and, after start of the experiment, it was immersed
into the liquid to a specified depth. The program records the force applied to the wire by
the liquid during advancing and receding process. Based on the measured force and
knowing the surface tension of the liquid, and dimensions of the wire, the WinDCA 32
software determines a contact angle of the given liquid with the material.

Figure 2.2. The Thermo Cahn DCA-322 Dynamic Contact Angle Analyzer (left);
Position of the sample during the contact angle measurements (right).

(b) Calculated CA (calibration of CAHN). The contact angle can be calculated
manually using experimental data on the force through the following equation
cos l  F

(2.2)

P  l
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where F is the measured force and P is the perimeter of the contact line which is
P  2 R in the case of the circular wire with radius R . The result should be the same as

that using the directly measured contact angle.
(c) Fitted CA. When a cylinder is immersed into the liquid, this liquid creates an
external meniscus around the wire, as one can see in Figure 2.3. Since the studied wires
have a circular cross-section the elevation of the contact line is the same everywhere
around the cylinder.

Figure 2.3. Static meniscus outside a circularly wire; live picture is on the left; fit is on
the right

The wire was placed above the liquid, perpendicular to its free surface and, in
order to create an external meniscus, immersed into the liquid as shown in Figure 2.4. On
the computer screen in Figure 2.4a a live image of the meniscus can be seen.
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Figure 2.4. (a) Setup of the contact angle experiment on a KRUSS DSA instrument; (b)
Wire immersed into the water.
Using KRUSS DSA instrument, the meniscus images were captured and its
profile was fitted in MatLab® with asymptotic solution of the Laplace equation obtained
by Lo [9]. General idea of the code is as follows: asymptotic solution [9] gives an
elevation of liquid as a function of contact angle and radial coordinate. Both of them are
adjustable parameters. The program converts an image into black-and-white picture and
determines the experimental profile. In the next step, it builds the theoretical curve with
specific adjustable parameters based on the asymptotic solution and compares it with the
experimental image. MatLab® repeats this procedure changing parameters to decrease an
error until the difference of a fitting curve and experiment is minimal. As a result, it
provides the elevation height of the liquid and a contact angle which corresponds to the
best fit of the theoretical and experimental curves. For more details about the program,
please, see [13].
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Contact angle on the elliptical wires. The proper way to determine the
equilibrium CA on the non-circular wires is to calculate it based on the measured force
and eq. (2.2). The DCA 322 microbalance with the WinDCA software from Thermo
Cahn Instruments was used to perform the test, acquire the force data, and calculate the
contact angles.
2.3.3 Study of the wetted area.
To examine an external meniscus one needs only a back lightening providing a
good image of the meniscus, Figure 2.3. However, the main challenge in the study of
non-circular wires is to visualize the contact line. In order to do so, one needs the
additional dispersive light sources, Figure 2.5.

Figure 2.5. An experimental setup for visualization of external meniscus and a contact
line on a non-circular cylinder.
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A ring illumination is placed on the camera to illuminate the central part of the
wire. Two focused light sources on the sides are made diffusive using usual white paper
for printers as a dispersive medium and they are illuminating the wire from the sides.
This technique provides a good contrast image of the contact line as shown in Figure 2.6.
Also, the direct lightening should not be used due to the light oversaturation on the wire
surface.

Figure 2.6. External meniscus and contact line (red) of liquid on elliptical wire placed
with the minor axis perpendicular to the axis of the camera.

Round cross-section. For a wire with a circular cross-section, the elevation of the
contact line is the same around the wire, Figure 2.7 (left). Hence, the wetted area of round
wire is defined as

AR  PR LR  2 RLR

(2.3)
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where PR is the perimeter of the circular wire, LR is the distance from the contact line to
the horizontal free surface of the liquid, R is the radius of the cylinder.
Elliptical cross-section. For wires of arbitrary cross section, in our case the
elliptic, the calculation of the wetted surface area becomes non-trivial. Indeed, the
meniscus height is a function of the arc length: the smaller the wire curvature, the higher
the lowest point of the meniscus (see Figure 2.7 (right)) Thus, the wetted area is defined
as

Aell  Avis  Pel Lel  Avis  4aE  e  Lel

(2.4)

where Avis is the additional wetted area above the lowest point of the contact line, Pel is
the perimeter of the ellipse, Lel is the distance from the lowest point of the contact line to
the horizontal surface of the liquid, e  1  b2 a 2 - eccentricity, a and b are the semimajor and semi-minor axes of the ellipse, respectively, and E  k  

 /2


0

a complete elliptical integral of the second kind [27].

43

1  k 2 sin 2  d is

Figure 2.7. Schematic of the external meniscus around cylinder with round (left) and
elliptical (right) cross-section.

In order to evaluate area Avis , we assume that the wire is observed along the semiminor axis. Thus, each infinitesimal part of the wire perimeter  li* is transformed to
element  li on the CCD sensor of the camera. It’s clearly seen from the Figure 2.8 that
inequality  li   li* holds. Thus, for each element  li the corresponding wire perimeter
has to be calculated. The elementary arc length of an ellipse is calculated as

l 
*
i

i

 E  e, d

(2.5)

i1

where i 1 and i are the angular position of vectors pointing towards the end points of
element  li* (the details about calculation of the arc length of the ellipse and elliptical
integral can be found in [27, 28] and in Appendix 2. For the numerical calculations, it is
convenient to express eq. (2.5) as
i

i1

0

0

 l   E  e,  d 
*
i

 E  e, d

(2.6)
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Thus, an additional area Avis can be evaluated as
Avis 

 H l  dl
*

*

(2.7)

where H is a height of each column of pixels determined experimentally.
In order to detect and analyze the contact line on the chosen picture, a threshold is
applied to the image. This operation allows one to distinguish the liquid contact line from
the wire surface by converting the original image to a binary one. It replaces all pixels in
the input image with luminance greater than the chosen level with the white pixels and all
other pixels – with the black pixels. The threshold level value should be carefully
adjusted to determine the contact line coordinates in the precise and correct form.

Figure 2.8. Schematic of the connection between the pixels of the experimental 2D image
(left) and the ellipse geometry (right).
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Thus, relating  li to  li* via equation of ellipse and incomplete elliptic integral of
the second kind, the correct length of each pixel column was determined (in Figure 2.8,
the columns are horizontal). It is important to mention that the elliptical integral of the
second kind provides  li* in units of the semi-major axis. Therefore, the calculated
results were multiplied by a to convert it in pixels. Finally, multiplication of the height
of each black column by its calculated correct length gives us the area in pixels square
which should be converted into millimeters using the squared scale as shown in eq. (2.8)
N

Avis   H i   li*  I 2

(2.8)

i 1

where i is a current black column, N is a total number of columns, H i and  li* is a
height and length of the i -th column in pixels, respectively, and I - scale of the image in
millimeters per pixel.
2.4 Results and discussion
2.4.1 Investigation of the contact angle.
In the present study three different approaches were used in order to determine the
equilibrium contact angle. First, they were performed with the round wires and the results
were compared between each other in order to check the validity of such approaches.
Later, the Wilhelmy method was used in the experiments with elliptical wires due to
inability to apply other two methods to the non-circular cylinders. All types of the
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experiments with respective results are shown in Table 2.2. The standard deviations of
these and all further results were obtained out of 4 measurements for each parameter.
It is seen from Table 2.2 that the obtained results of all three methods are very
close to each other. Hexadecane was chosen as a reference liquid due to its low surface
tension and non-polar nature. It means that it should have zero or close to zero contact
angle with a high surface energy materials such as metal or metal alloys like the stainless
steel. Since all considered experimental techniques provide the expected results (see
Table 2.2) they may be considered as consistent and valid.
The Wilhelmy approach was proven to be acceptable since the results presented in
Table 2.2 show the contact angles within a range of the standard deviation for the same
liquids on different types of wires.
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Table 2.2. Contact angle of various liquids obtained by different methods, 4
measurements for each point.
Wire cross-section

Circular

Liquid

Contact Angle, l ,

Hexadecane

0

Direct measurements

DI-Water

57±6

using CAHN

Ethylene glycol

34±4

Hexadecane

0

Manual calculations

DI-Water

57±6

using eq. (2)

Ethylene glycol

34±4

Hexadecane

0

DI-Water

53±5

Ethylene glycol

30±4

Hexadecane

0

Manual calculations

DI-Water

55±4

using eq. (2)

Ethylene glycol

32±5

Method

Fitting by MatLab®

Elliptical

2.4.2 Study of the wetted area.
In Figure 2.9 one can observe how the position of the contact line changes when
the camera changes the direction of observation from minor to major axes of the ellipse
(magnification is the same for all frames). Figure 2.10 (minor axis is perpendicular to the
camera) and Figure 2.11 (major axis is perpendicular to the camera) show a gallery of the
menisci of different liquids on the same wire emphasizing that the wetted area, including
parameter Avis , varies from one liquid to other.
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Figure 2.9. Change of the contact line elevation around elliptical wire. (a) Minor axis is
perpendicular to the camera; (b) Intermediate position between minor and major axis; (c)
Major axis is perpendicular to the camera. The top view is shown on the right side of
each frame.

Figure 2.10. Change of the contact line elevation of the different liquids: (from left to
right) Hexadecane, Ethylene glycol, DI Water. Minor axis is perpendicular to the camera.

Figure 2.11. Change of the contact line elevation of the different liquids: (from
left to right) Hexadecane, Ethylene glycol, DI Water. Major axis is perpendicular to the
camera.
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The most challenging task of this study was the extraction of parameter Avis from
the experimental images. As was described previously, MatLab® code was written to
perform the image analysis (see Figure 2.12). It allowed to calculate an additional wetted
area of elliptical wires. It is intuitively expected and experimentally shown in Figure 2.10
and 2.11 that for different liquids this parameter will be different due to the difference in
the surface tension and contact angle. These dependences are summarized in Table 2.3
and Figure 2.13.

Figure 2.12. Matlab® extraction of Avis ; left – original image; top right – chosen frame
with contact line; bottom right – chosen frame after thresholding.

Table 2.3. Additional wetted area Avis for a set of different liquids, 4 measurements for
each point.
Liquid

Hexadecane

DI Water

Ethylene glycol

Avis ,  m2

2957±72.3

3654.7±123.7

3403±89.6
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Figure 2.13. Wetted area Avis of elliptical wire with respect to the reciprocal Bond
number (top) and contact angle (bottom); 4 measurements for each point.
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In Figure 2.13 wetted area Avis was normalized by square of characteristic length
2

 P 
scale 
 due to the same perimeter for both types of cross-section. It is plotted as a
 2 
function of reciprocal Bond number [29] which is

l
1

Bo  P 2

  g
 2 
where  l is a surface tension,

(2.9)

P
is a characteristic length scale,  is a density of
2

liquid, g is a gravitational acceleration. The Bond number allows us to estimate the
effect of surface tension forces compared to the gravity. A high Bond number (much
greater than one) indicates that the system is irrelevant to the surface tension effects; a
low number (less than one) indicates that surface tension dominates. For reciprocal Bond
number it would be vice versa.
It can be seen in Figure 2.13 that for all liquids, in the present case, firstly,
dimensionless wetted area Avis /  P / 2  has deviations with Bond number but its values
2

lies around 1.05±0.15, secondly, the wetted area decreases as the contact angle increases
since liquid with higher contact angle does not want to interact with the material as much
as with the liquid with a lower contact angle, and, thirdly, the effect of the surface tension
prevails with regard to the gravitational force since 1/ Bo
2.4.3. Elevation height of the meniscus.
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1.

One more parameter which we are interested in is the height of meniscus. The
height was extracted from the images. The tip of the sag for each liquid (Figure 2.10 and
2.11) was fitted with a circle (Figure 2.14) to determine the coordinate of the highest and
the lowest points of the contact line around elliptical wire. As a result, the maximum,

Lmax , and the minimum, Lmin , elevation heights were obtained as a difference between
the highest and the lowest point of the contact line, respectively, and the liquid free
surface.

Figure 2.14. Circular fit of the tip of the contact line sag.

The height of meniscus for both types of the wires was normalized by
characteristic length,

P
, and plotted as a function of the reciprocal Bond number and
2

contact angle of the respective liquid as shown in Figure 2.15. One can see that when
wires have the same perimeter the minimum height of the meniscus on the elliptical wire
is always lower than that on the circular wire, and the maximum height of the meniscus
on the elliptical wire is always greater than that on the circular wire. Since none of the
parameters included in the Bond number changes for given liquid/material pair, observed
variation of the height for different cross-sections refers to the geometrical differences of
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the wires. It happens due to the fact that elevation of the liquid is always higher where the
curvature is greater. Thus, since the major axis of the ellipse is greater than the radius of
the circle, the curvature of ellipse at the major axis will be smaller than curvature of
given circle, which makes elevation height greater on a circular wire than on the major
axis of the elliptical wire. The opposite situation is at the minor axis of the ellipse where
the curvature is greater than curvature of the circle.
That result is in good correlation with the recent study of elliptical and circular
proboscises [22], where it was shown, using a derived asymptotic solution, that an
elliptical proboscis provides a higher Lmax compared to a circular proboscis of the same
circumference. It draws us to the same conclusion as that in Ref. [22] that the meniscus
height is a function of the cylinder ellipticity where greater ellipticity results in a higher
meniscus.
Additionally, as can be seen in Figure 2.15 (right), our results for a circular wire
were fitted by analytical asymptotic solution for the height of the meniscus on a needle
showing a good correlation. This solution was obtained by Lo [9] and in our notations it
has form:
LR  L1 ln Bo  L2  L3  Bo ln 2 Bo  L4  Bo ln Bo  L5  Bo

where
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(2.10)

L1   sin  90    ,
L2  sin  90    ln 4  ln 1  cos  90        ,
1
L3  sin  90     (1  sin 2  ),
2
1
1
1
L4  sin  90     {cos 2  90     [   ln (1  cos  90   )]  [  cos  90   ]},
4
4
4
1
d
1
L5  sin  90    cos  90    (ln 4   ) 
 sin  90     d 1  ln 4   
4
cos  90    4
1
1

 sin 3  90       2  ln 2 2   ln 4  ln 2   ln 1  cos  90     
4
2


1



1
1
  sin 3  90     ln 4   
  d  sin  90    cos  90    
cos  90    
4
 4


1
 ln 2 1  cos  90      sin 3  90   
4
1
1


1
1
1
d  c  2  c 2  ln 1  1  c 2  2   1  c 2  c  ln 4     c 1  c  2
4
2
4



and c  sin  90    ,   0.5772 is a Euler constant.
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Figure 2.15. Elevation height of the meniscus on the elliptical and circular wires of the
same perimeter with respect to the reciprocal Bond number (top) and contact angle
(bottom). Colors of the lines represent respective liquids and plotted for the range of
reciprocal Bond number from 1000 to 2500 with fixed angle for a given liquid (top) and
angles from 0° to 90° with fixed Bond number for a given liquid (bottom).
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Knowing extremums of the meniscus height on the elliptical wire we can
determine how the difference Lmax  Lmin changes as a function of reciprocal Bond
number and contact angle which can be seen in Figure 2.16.

Figure 2.16.  Lmax  Lmin  /  P / 2  with respect to the reciprocal Bond number (top) and
contact angle (bottom).
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Even though we do not observe any specific trend in change of the height
difference with the Bond number, one can see that this parameter decreases with the
contact angle as the liquid has less interaction with the material. It could be also predicted
from Figure 2.10 where it is seen that sag becomes smaller for liquid with greater contact
angle.
As mentioned, the fit with a circle was used to determine the lowest and highest
points of the contact line on the elliptical wire (Figure 2.14). That additionally allowed us
to determine radius of the curvature, Rc , of the sag at those points. For the cases of
different liquids it is shown in Figure 2.17, where one can see that liquid with higher
contact angle has higher Rc because, Lmax  Lmin decreases with contact angle (see Figure
2.16). As a result, smaller difference in the maximum and minimum points of the contact
line will give us the curvature of the sag closer to the straight line.
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Figure 2.17. Rc /  P / 2  with respect to the reciprocal Bond number (top) and
contact angle (bottom); 4 measurements for each point.
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2.4.4. Work of adhesion.
Creation of the composites based on the matrices that represent interpenetrating
networks of materials is one of the most interesting fields of investigation nowadays and
fiber-matrix adhesion plays here main role. It was shown that geometry of the fiber or
wire will affect elevation of the external liquid meniscus and, as a result, the wetted area
of the solid. It leads to the different adhesion for fibers with different cross-section even
if they are made out of the same material. Adhesion can be evaluated from eq. (2.1).
Knowing surface tension and contact angle of the liquids, we still need to obtain total
wetted area of the material. The approach was discussed in “Materials and methods” and,
since we already know elevation height, dimensions of the cross-sections and, so-called,
extra wetted area, Avis , for elliptical wire, we can easily calculate total wetted area A
and, as a result, work of adhesion. Obtained results can be seen in the Table 2.4 where it
is noticeable that elliptical wire has better adhesion with all studied liquids and it is
caused by the greater wetted area due to geometrical properties of the cross-section.
Table 2.4. Comparison of the total wetted area A and work of adhesion Wsl for elliptical
and circular wires with the same circumference for the set of different liquids.
Liquid

A , µm2

Wsl ,109 N  m

Hexadecane

DI water

Ethylene glycol

Elliptical

78950

74600

76567

Circular

68930

65062

67273

Elliptical

4.34

8.56

6.85

Circular

3.70

7.47

5.90
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2.4. Conclusions
In the shown study we present a comparison of the wires with circular and
elliptical (as an example of non-circular) cross-sections. Such parameters were
investigated as a contact line around cylinders, its elevation height, contact angle, and
adhesion for the set of the different liquids. Elevation height and its variety with
geometry is an important for the design of the probes and other microfluidic devices [30]
and the wetted area and adhesion has a significant role in the composite materials made
out of mixture of fibers with matrix [3]. First of all, it was shown that liquid contact line
changes around the oval wire having a highest position where liquid contacts a minor axis
and the lowest position where liquid touches a major axis which caused by change of
curvature. The procedure to obtain contact angle of liquid with a non-circular cylinder
was described and, once again it was proven that the contact angle is a property of the
liquid/solid pair and it does not depend on geometry. It means that any difference in the
equilibrium contact angle between circular and non-circular fibers would be caused by
additional parameters, such as roughness. The technique for evaluation of the height of
the meniscus on the elliptical wire was developed and results show that, even though oval
wire has the same perimeter of the cross-section as a round one, the elevation height will
be greater for the non-circular case. It means that the higher ellipticity will lead to a
higher meniscus. As a result of the greater elevation height, it was shown that total wetted
area is also greater for the elliptical wire. It was determined taking into account extra
wetted area, Avis , which was visualized and fitted with MatLab® code. Finally, it was
calculated that the adhesion of the liquid with wire having elliptical cross-section is
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greater compare to the circular cross-section. It was expectable due to greater surface area
wetted by liquid.
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Appendix 2
Circumference of the ellipse

With the center at the origin and the major axis along the X-axis the equation
describing ellipse in the parametric form is

x  t   a cos t

(A.2.1)

y  t   b sin t

where  x  t  , y  t   are coordinates of the point on the ellipse, a is the semi-major axis of
the ellipse, b is the semi-minor axis, and t is the parametric angle connected to the polar
angle from the ellipse  as

a
 tan t   tan 
b

(A.2.2)

Figure A.2.1. Ellipse with given notation.
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According to the Pythagorean Theorem we can derive an element of the ellipse
arc length  l as

 l  dx 2  dy 2

(A.2.3)

Plugging eq. (A.2.1) into eq. (A.2.3) we obtain

 l  a 2 sin 2 t  b2 cos2 tdt

(A.2.4)

Adding and subtracting the term b2 sin 2 t in subduplicate, eq. (A.2.4) can be
modified as


 l  b2   a 2  b2  sin 2 tdt  b 2 1 


Introducing parameter e  1 



 l  b 2 1 



a 2  b2
sin 2 t dt
2
b


(A.2.5)

b2
one can rewrite eq. (A.2.5) as
a2


e2
sin 2 t dt
2
1 e


(A.2.6)

where e is the eccentricity of the ellipse which measures of how much ellipse deviates
from circle. It is always greater than zero but less than 1.
Thus, integrating eq. (A.2.6), the arc length of the ellipse can be calculated
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t

1  e '

l t   b

2

sin 2 t dt

(A.2.7)

0

where e '2 

e2
. Using eq. (A.2.2) and substituting  instead of t , eq. (A.2.7) might
1  e2

be written in terms of incomplete elliptical integral of a second kind E  , e 


1  e

l    a 

2

sin 2  d  aE  , e 

(A.2.8)

0

The length of an arc from the equator to the pole can be expressed in terms of the
complete elliptic integral of the second kind E  e 


2

lp  a 

1  e

2

sin 2  d  aE  e 

(A.2.9)

0

As a result, the circumference of the ellipse
C  4aE  e 

(A.2.10)

In the extreme case of the circle, when a  b  R and e  0 , complete elliptical
integral is E  0  


2

C e 0  4 R 

. It means that


2

 2 R

(A.2.11)

which is well-known equation for the circumference of the circle with radius R .
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Appendix 3
Measurement of the extra wetted area of the elliptical wire

In order to measure extra wetted area due to change of the contact line position
caused by geometrical features of the elliptical wire from the experimental image we use
the following algorithm, realized in Matlab ®. An example of the experimental picture is
shown in Figure A.3.1.

Figure A.3.1. Experimental image of the elliptical wire immersed in liquid. Minor
axis of ellipse is perpendicular to the camera.

1. When the program starts it will ask user to select an image. The image
should be oriented as it shown in the Figure A.3.2 otherwise it will not work and you
will have to add a rotational function to rotate your images to this position.
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Figure A.3.2. Experimental image as it should be opened in the program.

2. In order to determine the scale of the image in micrometers per pixel, the
user is requested to point at the lower and upper sides of the wire using the mouse and
to enter the length of the scale in micrometers. The points do not necessary have to be
one right above other. The program needs only y-coordinates of the points and any
change in x-coordinate will not affect the scale.

3. Then ones the image is opened and scale is determined, the user is asked
to choose a rectangular region of interest on the opened frame. In order to perform
this step, first, user has to choose upper left corner of rectangle and only after that he
is required to choose lower bottom corner, as shown in Figure A.3.3. The corners do
not have to be on the wire or meniscus boundary since the program will cut the frame
based on the y-coordinates chosen in the 2nd step for scale.

Figure A.3.3. Selection of the region of interest.
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4. In order to detect and analyze the contact line on the chosen frame, a
thresholding is performed. This operation allows one to distinguish liquid contact line
from wire surface. The user is required to adjust the thresholding level if necessary.
As a result, picture is converted into black-and-white image (Figure A.3.4). Black
pixels represent the liquid and white pixels related to the wire surface.

Figure A.3.4. Frame of interest and its conversion into black-and-white picture.

5. In the last step, obtained 2D picture is automatically recalculated to get 3D
wetted surface area taking into account geometry of the wire (in the present case, wire
has elliptical cross-section). For details of conversion, please, see section 3.3.2. As a
result, the output of the program consists of the wetted area in square pixels and
square micrometers.
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CONCLUSION
In this study, the surface properties of porous samples and fibers were
investigated. We developed a technique for evaluation of the adhesion properties of
porous solids. This method allows us to calculate the work of adhesion of a given liquid
to the porous material. A mathematical model describing the kinetics of liquid
penetration into an inhomogeneous porous material was developed and used for
interpretation of the experiments. The pore size distribution function was introduced and
a non-zero initial height of the liquid column in the pores was taken into account in the
Lucas-Washburn equation. All of it allows one to characterize the material and determine
adhesion between liquids and porous solids using the developed experimental protocol.
For the case of fibers we present a comparison of the fibers with circular and
elliptical (as an example of non-circular) cross-sections. We investigated the contact line
around cylinders, its elevation height, contact angle, and adhesion for the set of the
different liquids. It was shown that the liquid contact line changes around the oval wire
having a highest position where liquid contacts a minor axis and the lowest position
where liquid touches a major axis which caused by change of curvature. The technique
for evaluation of the height of the meniscus on the elliptical wire was developed and
results show that, even though oval wire has the same perimeter of the cross-section as a
round one, the elevation height will be greater for the non-circular case. It means that the
higher ellipticity will lead to a higher meniscus. As a result of the greater elevation
height, it was shown that the total wetted area and adhesion are also greater for the
elliptical wire.
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